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of the assumption that Frizzled and Strabismus con- parted to cells. In the first model, this is assumed to be
provided by a difference in Frizzled behavior at the dis-tinue to interact in adjacent cells even in the absence
of Dishevelled or Prickle. It can also model the autono- tal cell edge, whereas in the second, it is the result of
graded Frizzled activity across the tissue. The futuremous phenotypes of some frizzled alleles: these will
mimic the effect of loss of dishevelled only, provided challenge is to design experiments that not only test
the models but also these starting assumptions.that they encode Frizzled proteins that are unable to
bind Dishevelled but still interact with Strabismus in ad-
jacent cells. Overall, a good correlation is seen between David Strutt
Centre for Developmental and Biomedical Geneticsthe simulations of the model and actual experimental
results, at least when considering rectangular clones. Department of Biomedical Science
University of SheffieldAlthough it is satisfying that this model demonstrates
the feasibility of a feedback loop-based model in ex- Western Bank, Sheffield S10 2TN
United Kingdomplaining frizzled phenotypes, this is not the only pos-
sible mechanism. Recently, another model has been
presented for frizzled nonautonomy that again invokes
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need for a secreted ligand. This model differs from that
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of Amonlirdviman et al., because it is based on the idea
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tissue and that cells communicate to establish an Eaton, S. (2003). Mech. Dev. 120, 1257–1264.
“averaged” stable Frizzled level, which in turn leads to
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asymmetric localization of Frizzled to the distal cell 68, 37–57.
edge (Lawrence et al., 2004). Furthermore, these au- Lawrence, P.A. (1966). J. Exp. Biol. 44, 607–620.
thors call into question the proposed key role for Lawrence, P.A., Casal, J., and Struhl, G. (2004). Development 131,
Prickle in transmitting polarity information from cell to 4651–4664.
cell, because in its absence, frizzled clones in the abdo- Locke, M. (1959). J. Exp. Biol. 36, 459–477.
men still show nonautonomous phenotypes. Ma, D., Yang, C.H., McNeill, H., Simon, M.A., and Axelrod, J.D.
It is important to note that the aim of both models is (2003). Nature 421, 543–547.
to understand the nonautonomous phenotypes associ- Tree, D.R.P., Shulman, J.M., Rousset, R., Scott, M.P., Gubb, D., and
Axelrod, J.D. (2002). Cell 109, 371–381.ated with frizzled clones and that neither addresses the
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ER Retention of Signaling Modules
A novel strategy for controlling developmental signal-
(ing pathways, which uses specific ER retention mech-
Eanisms, has emerged from several recent studies. A
fpaper by Yamamoto et al. (2005) identifies a new pro-
etein termed Shisa that inhibits both Wnt- and FGF-
wsignaling pathways during Xenopus gastrulation by
tmediating ER retention of the Wnt receptor Frizzled
cand the FGF receptor.
i
iIntracellular compartmentalization plays a crucial role in
ospatial and temporal regulation of a variety of signaling
pprocesses. Compartments within the plasma membrane
tare used to segregate between recycling endosomes and
proteins destined for degradation. Distinction between s
sthe apical and baso-lateral compartments serves to re-
strict the signaling activity to a defined domain. Finally, t
modification and assembly of signaling complexes may
be executed only at particular intracellular compart- a
cments.
Much effort has been devoted to understanding of aeneral endoplasmic reticulum (ER) functions in protein
iogenesis, folding, and trafficking. Special chaperones
n the ER facilitate correct protein folding, misfolded
roteins are eliminated by ER-associated degradation
ERAD), and the folded proteins are trafficked from the
R (reviewed in Ellgaard and Helenius [2003]). A new
acet of ER function is beginning to emerge from sev-
ral studies of developmental signaling pathways,
hich identify the ER as a compartment modulating
hese pathways through specific mechanisms. In this
ontext, the ER provides a “safe haven” for sequester-
ng signaling molecules in an inactive mode, attenuat-
ng the level of signaling or assuring proper assembly
f signaling complexes before their release to the com-
artment where signaling takes place. Identification of
hese new mechanisms not only adds another dimen-
ion to our understanding of the intricate regulation of
ignaling processes but also provides novel insights to
he function of the ER at large.
Retention in the ER plays a central part in restricting
nd modulating the activity of the Drosophila EGF re-
eptor ligand Spitz. This ligand is produced as an in-
ctive precursor containing a transmembrane and cyto-
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137plasmic domain and retained in the ER by retrograde
trafficking (Lee et al., 2001; Tsruya et al., 2002). The re-
tained ligand precursor molecules are prevented from
reaching the plasma membrane where they may re-
lease the active EGF domain after cleavage by nonspe-
cific metalloproteases. Surprisingly, the active, cleaved
form of Spitz also undergoes ER retention albeit
through a distinct mechanism involving phospholipase
C γ. This retention mechanism is required only in the
eye, because in this tissue processing, of Spitz appears
to be executed in the ER (Schlesinger et al., 2004). The
amount of cleaved Spitz that is subsequently released
from the ER is tightly regulated by the chaperone pro-
tein Star.
In addition to ER retention of ligands, it is now be-
coming clear that parallel albeit cell-autonomous regu-
lation of the relevant receptor complexes also plays an
important role in modulation of signaling. ER retention
of signaling complexes that are being assembled and
their regulated release only upon completion of assem-
bly have been recently demonstrated for components
of the Wnt and Notch pathways. These mechanisms
ensure that partially assembled complexes are not mis-
takenly targeted for degradation via ERAD or verify that
release from the ER occurs only after proper folding
and association between complex subunits. Both the
low-density lipoprotein receptor (LDLR) and related
Wnt coreceptors, known as LRP5/6 or Arrow, contain
six-bladed β propeller domains and EGF repeats, which
assume their proper conformation after a complicated
folding process that takes place in the ER. The Boca/
Mesd protein serves as a chaperone for this folding
process in flies and mice, respectively. In flies lacking
Boca, the activity of both receptors is compromised,
because they do not reach the plasma membrane but
are instead targeted for degradation (Culi and Mann,
2003; Culi et al., 2004). This activity is a conserved fea-
ture of mouse Mesd (Hsieh et al., 2003).
In the case of the γ secretase complex responsible
for Notch and APP processing, it was found that the
Presenilin protein contains an ER retention signal at its
C terminus. Only when a functional complex, including
Nicastrin, is assembled is the ER retention abolished
and the complex translocated to the plasma membrane
(Kaether et al., 2004). The two mechanisms outlined
above appear to be dedicated to specific proteins or
protein families and are not likely to be involved in
general ER sorting processes.
Recently published work of Yamamoto et al. (2005)
identifies a new ER retention mechanism that is a major
player in regulating the dynamic pattern of both Wnt-
and FGF-signaling pathways during Xenopus embry-
onic development. The work has identified a protein
termed Shisa whose transcript is specifically found in
the prospective head ectoderm and Spemann orga-
nizer. This protein inhibits caudalizing signals and was
shown to specifically inhibit the trafficking to the
plasma membrane of the Wnt receptor Frizzled and the
FGF receptor by retaining both receptors in the ER.
Thus, in addition to antagonists of TGF β family ligands,
which have been studied in detail, the Pandora’s box
of the Spemann organizer contains more unexpectedsurprises. Inhibition of more than one signaling path-
way by competitive binding to several ligands was de-
scribed for the secreted protein Cerberus, which binds
Nodal, BMP, and Wnt (Piccolo et al., 1999). However,
the mechanism of inhibition of Shisa is distinct, be-
cause it functions cell autonomously and is not based
on competitive binding to ligands. Rather, the Shisa
protein is capable of inhibiting more than one pathway
by its capacity to recognize ER trapping signals dis-
played by the receptors. This new mechanism necessi-
tates dynamic and restricted expression of Shisa.
Otherwise, signaling by these two pathways would be
blocked uniformly. Whereas during Xenopus gastrula-
tion it is necessary to simultaneously block both Wnt
and FGF pathways, in other scenarios, each of the two
pathways may require separate and independent regu-
lation. Conservation of the Shisa protein within verte-
brates suggests that it may carry out a similar role in
other developmental contexts and in other organisms.
In conclusion, the analysis of developmental signal-
ing modules is beginning to unravel specific mecha-
nisms of ER retention and release, which are an integral
part of the regulation of these pathways. Future study
is expected to shed light on the molecular machinery
of these trafficking processes as well as provide new
insights to general mechanisms of intracellular traffick-
ing. It is interesting to discover that superimposed on
the central role of the ER in controlling flow of vesicles
and the retention of proteins required for general ER
functions, there is another layer of specialized mecha-
nisms dedicated to the retention and release of signal
transduction components.
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